Introduction
Surgical resection is considered the first line option for treating drug-resistant epilepsy. A comprehensive pre-surgical evaluation aims to establish potential candidacy for surgical treatment by localizing the epileptogenic zone.
1,2 Discordant or non-lateralizing information acquired during non-invasive evaluation is the most common reason for discouraging surgical intervention despite a strong need for it. As long as there is a clue of possible focal epilepsy, iEEG monitoring has shown to be an effective approach to provide better localization than non-invasive modalities. 3, 4 However, bilateral iEEG monitoring alone may not clearly identify seizure focus in patients with well established interhemispheric spread pattern. CC has been utilized as a palliative treatment to prevent drop seizures in patients with generalized seizures. 5 In addition, because CC prevents rapid secondary bisynchrony and generalization of seizure activities, several studies have shown that CC can help reveal resectable epileptogenic focus. [6] [7] [8] [9] [10] We studied the efficacy and safety of a new multi-stage surgical procedure that utilizes bilateral iEEG monitoring before and after complete CC to lateralize or localize seizure focus for surgical treatment within a single hospital stay.
Methods
A total of 83 patients with drug resistant epilepsy underwent surgical treatment in the Comprehensive Epilepsy Center at Florida Seizure 24 (2015) [63] [64] [65] [66] [67] [68] [69] Hospital for Children between July 2011 and September 2013. Sixty-four patients underwent invasive iEEG monitoring, of which 30 had bilateral subdural electrode implantation. Among these 30 patients, 9 received the proposed multi-stage surgical procedure using bilateral iEEG monitoring before and after complete CC. There were 5 females and 4 males with a mean age of 5.7 years and range of 4 months to 15 years old. All 9 patients failed at least 3 anti-epileptic drugs. This retrospective chart review study was approved by the Florida Hospital institutional review board.
Non-invasive pre-surgical evaluation
Pre-surgical non-invasive workups included prolonged scalp video EEG (vEEG) monitoring and various neuroimaging modalities such as 3T MRI, FDG-PET, ictal and inter-ictal SPECT. The subtraction ictal SPECT co-registered to MRI (SISCOM) was applied to further visualize hyperperfusion for seizure localization. 11, 12 The information regarding detailed non-invasive methods and imaging protocols can be found in the previous publication. 
Invasive evaluation and surgical interventions
When the non-invasive diagnostic results were discordant or non-lateralizing, the cases were further discussed among the treating team, the patients, and their families. The following factors were considered for further invasive evaluation with bilateral iEEG monitoring: (1) non-invasive evaluation was suggestive of focal epilepsy despite inability to localize or lateralize epileptic focus; (2) the risk of continuing poorly controlled seizures outweighed the risk of multi-stage surgical procedure; (3) all other treatment options were exhausted.
Stage 1: Bilateral iEEG monitoring
A bilateral craniotomy was performed for invasive iEEG monitoring via a broad reverse question mark incision on both sides. The incision allowed extensive implantation of subdural electrode grids and strips that covered both hemispheres for prolonged video iEEG monitoring. Expansion duraplasty was created at the time of electrode implantation. The duraplasty allowed a relaxed but water tight dural closure with electrodes in place. The bone flap was allowed to float freely over the dural closure with electrodes in place. Two contact electrodes were placed in the epidural space facing the skull as reference and ground electrodes. Patients were given one dose of IV antibiotics during surgery but none after. IV steroids were administered for the duration of iEEG monitoring. A high resolution computer tomography (CT) scan was obtained after implantation to visualize precise electrode locations.
Stage 2: Continued bilateral iEEG monitoring after complete CC
For 9 of the 30 patients, even with extensive bilateral iEEG monitoring, the seizure focus was still not clearly lateralized or localized during stage 1 monitoring. A complete CC was then performed through a midline frontal craniotomy with bilateral subdural electrodes left in place. This procedure was intended to disrupt the seizure network for possible seizure lateralization or further localization by bilateral iEEG. In some cases, additional inter-hemispheric electrode strips were inserted during the CC to monitor seizure spread between hemispheres. After complete CC, prolonged bilateral video iEEG monitoring continued. The bilateral iEEG findings, the clinical semiology, and the results of cortical functional mapping collected during stage 2 were then used to determine the plan of final therapeutic surgical intervention.
Stage 3: Final surgical interventions
Focal surgical resection was performed on patients with localized ictal onset zone. Functional hemispherectomy was performed on the patients with clear seizure lateralization, but without localization. When independent bilateral epileptogenic foci were discovered, bilateral multiple subpial transection (MST) was recommended. The entire multi-stage procedure was performed during the same hospital stay.
Results

Non-invasive evaluation
The clinical profiles of the patients are detailed in Table 1 . All patients suffered generalized seizures. The findings of seizure lateralization from various non-invasive evaluation modalities are listed in Table 2 . According to 3T MRI findings, there were 3 MRI negative cases, 3 cases with definite bilateral pathologies, and 3 cases with MRI findings lateralized to one hemisphere with evidence of contralateral involvement from the other modalities: vEEG, PET, and SISCOM findings indicated bilateral involvement of seizure activities.
Non-invasive evaluation results were somewhat suggestive of lateralization, but they were not clear enough to guide treatment. Table 2 details the findings of hemispheric dominancy and summarizes evidence of lateralization. Seven patients possessed 2 concordant lateralization clues among 4 modalities. Patient 7 had tuberous sclerosis complex, and studies have shown that bilateral iEEG can be an effective approach for bilateral multiple tubers. 4, 13 These suggestive findings established the need for bilateral invasive evaluation for possible lateralization in these patients. Fig. 1 illustrates the coverage of bilateral subdural electrodes in 4 patients. All but 1 patient had bilateral implantation for iEEG monitoring during stage 1 monitoring. Patient 4 had only right hemispheric coverage initially because of lateralized MRI findings despite diffuse scalp EEG findings. However, diffuse epileptiform discharges were discovered throughout the right hemisphere on iEEG. In order to rule out the contralateral hemisphere involvement, three electrode strips were added that covered the left hemisphere after complete CC. The number of intracranial electrodes used ranged from 102 to 236 with an average of 184. The duration of iEEG monitoring at different stages is listed in Table 3 with a total average of 11.2 days. Bilateral iEEG findings in stage 1 and stage 2 monitoring periods are summarized in Table  2 . During stage 1, all patients demonstrated some dominancy to one hemisphere in their ictal activities except patient 4 who had unilateral coverage. For interictal activities, 2 patients showed dominancy to one hemisphere. However, all of their bilateral iEEG findings in stage 1 were inundated with diffuse bisynchronous activities and could not provide clear lateralization to exclude bilateral involvement.
Invasive evaluation
After complete CC, stage 2 monitoring revealed significant changes in bilateral ictal iEEG findings. In 4 patients, the seizure onset zones were clearly lateralized to one hemisphere. In 4 patients, the seizure onset zones were further localized into focal areas. One patient demonstrated bilateral independent seizure onsets. Fig. 1 illustrates the alterations of ictal onset zones from stage 1 to stage 2 in 4 patients with focal seizure onsets discovered during stage 2. For inter-ictal activities, 4 patients showed clear lateralization and 2 patients showed specific hemisphere dominancy during stage 2. Following complete CC, 4 patients had decreased seizures, 3 patients increased seizures, and 2 patients the same seizure frequency during the stage 2. In terms of clinical semiology changes from stage 1 to stage 2, 2 patients showed no change, 4 patients had alterations with further lateralization information, and 3 patients had alterations without further lateralization information. Fig. 2 illustrates the change of bilateral iEEG findings between stages. Panel A shows patient 9, who had diffuse bisynchronous inter-ictal epileptiform discharges during stage 1. Her ictal activities during stage 1 were bilaterally diffuse without clear evidence of lateralization. In stage 2, her inter-ictal discharges in the left hemisphere were significantly reduced and became independent from the right. Her ictal iEEG findings were clearly lateralized to the right hemisphere in stage 2. Panel B shows patient 2, who had bilateral inter-ictal discharges with higher amplitude spikes, suggestive of dominancy, in the right hemisphere during stage 1. Her ictal iEEG in stage 1 also revealed hint of right side onset with a preceding spike before diffuse bisynchrony. In stage 2, bilateral iEEG findings showed inter-ictal epileptiform discharges isolated to the right hemisphere. Furthermore, her ictal activities started with fast rhythmic activity arising from the right temporal lobe.
Surgical decision and outcome
The final surgical decision, pathology, and outcomes are listed in Table 4 . Three patients underwent functional hemispherectomy after clear lateralization, 4 patients underwent regional resection after successful localization, and 1 patient received bilateral MST Table 2 Non-invasive evaluation findings of seizure lateralization.
BiF white matter signal changes due to independent bilateral seizure onset. Patient 6 had significant clinical and electrographic improvement following complete CC and did not have any additional seizures resulting in no additional surgical intervention except electrodes removal. At follow up (mean = 18.5 month with range of 10-29 months), all 3 patients with hemispherectomy were seizure-free and 3 of the 4 patients with regional resection were seizure-free. Overall, 7 patients were seizure-free and 2 patients had more than 90% reduction in seizures. The outcome classification followed the ILAE proposal.
14 None of the patients developed surgery related complications such as infection, cerebral edema, stroke, and intracranial hemorrhage during and after hospitalization. All 3 patients undergoing hemispherectomy received transfusions. One patient developed temporary disconnection syndrome manifesting as decreased voluntary movement and mutism after complete CC, but these symptoms disappeared in 3 weeks.
Discussion
During non-invasive evaluation for these 9 patients, 4 modalities (Video-EEG, MRI, FDG-PET, and SPECT) were applied to investigate the seizure lateralization and localization. The combined results from these modalities suggested lateralization though the possibility of bilateral independent seizure foci could not be excluded. The pre-surgical assumption of lateralization was correct in 8 out of 9 patients. The patient with bilateral independent seizure foci discovered in stage 2 had only 1 suggestive lateralization test while the other patients had 2 tests suggestive of lateralization. Therefore, a comprehensive pre-surgical evaluation is highly desired to gather more concordant evidences for making better selection of patients and surgical procedures.
In this series, 3 patients had lateralizing MRI findings: patients 3 and 4 had more definite unilateral MRI findings (polymicrogyria) while we considered white matter signal change in patient 6 as only suggestive evidence. However, other test modalities including SPECT or FDG-PET hinted at contralateral involvement in all 3 cases. Whether bilateral iEEG monitoring was necessary for these 3 cases is debatable. Some studies suggested that, despite generalized EEG findings, resective surgery including hemispherectomy based on early MRI lesions findings could be successful without invasive iEEG monitoring. 15, 16 On the other hand, the most common reason for surgical failure is residual epileptogenic focus. 17 Bilateral FDG-PET abnormities and non-localized ictal EEG onset were found be important predictors for poor long term seizure outcome after hemispherectomy. 18 In two patients (patients 4 and 6) who underwent functional hemisherectomy ultimately, the risk of hemispherectomy in the presence of contralateral independent seizure focus seemed to be much higher than the risk of bilateral iEEG monitoring. It was reported that in some patients, intracarotid amobarbital test could be used as additional evidence of unilateral generation of these seemingly generalized discharges by suppressing interictal spikes following injection of amobarbital to a suspected epileptic hemisphere. 19 However, it is not clear whether the disappearance of interictal spikes with amobarbital injection truly reflects the presence of unilateral seizure focus. Invasive EEG monitoring is considered the most reliable method available to study the complicated epileptic network. Studies have shown the efficacy of bilateral iEEG for lateralizing or further localizing seizure focus despite non-lateralizing pre-surgical workups. 3, 4, 20 Instead of applying vertex craniotomy or bilateral burr holes for bilateral subdural electrode placement, a broad reverse question mark bilateral craniotomy was performed in our series. We think that seizure onset could be easily missed with iEEG if there is not enough electrode coverage when there is a diffuse epileptic network. The extensive coverage also allowed comprehensive brain functional mapping for preventing possible neurological deficits from surgical intervention. 21 Another advantage of applying broad incision with extensive coverage is that seizure onset zones can be easily delineated without additional surgery for larger coverage or reposition of iEEG electrodes. 22 Because the procedure requires a minimum of 3 surgeries including final surgical treatment, we tried to avoid any other additional surgery which might increase the chance of complications and extension of hospital stay. We found this broad bilateral iEEG approach to be a safe and effective procedure. Even with extensive bilateral iEEG coverage, there was no clear seizure lateralization in stage 1 for these 9 patients. There were some findings suggestive of possible lateralization on iEEG during stage 1 but it was subtle and was usually covered by diffuse bisynchronous activities. Even though not sufficient to guide surgical decisions, the findings were consistent with the lateralization assumption by non-invasive evaluation and prompted further investigation through complete CC and continued bilateral iEEG monitoring. Comparison of stage 1 and stage 2 bilateral iEEG recordings showed that complete CC greatly reduced the rapid bisynchronous activities in iEEG and unmasked the focal/unilateral seizure activities. As far as we know, this is the first study to demonstrate the direct evidence of complete CC for stopping rapid bisynchrony and unveiling seizure localization with documented before and after complete CC bilateral iEEG monitoring.
There are several different protocols of using CC for seizure localization; most commonly CC is performed as the isolated procedure for primarily therapeutic intervention to reduce generalized seizures and scalp EEG monitoring is performed afterwards for possible lateralization. 8, 9 We started with bilateral iEEG as first step because of its non-destructiveness and proven efficacy of seizure localization. 3, 4 With bilateral iEEG alone, we were able to localize resectable foci in 17 out of 30 cases with similar pre-surgical findings and confirmed 4 patients with bilateral independent foci. Rather than measuring the effect of CC through scalp EEG postoperatively, we performed CC with bilateral intracranial electrodes left in place. We thought that was the most direct way to investigate the epileptic network and to identify possible seizure foci. Two other studies also looked into the utilization of CC for possible seizure localization with bilateral iEEG through a different approach. 6, 23 In both studies, CC was performed at first place and then subdural strips or depth electrodes were inserted through vertex craniotomy or bilateral burr holes for bilateral iEEG monitoring. The first study 23 reported insignificant lateralizing findings in the majority of 18 patients where 14 had anterior 2/3 CC and 4 had complete CC. Five patients received subsequent focal resection and none of them became seizure free. The second study 6 reported that the localizing data was obtained in 12 out of 18 patients where 17 of them had competed CC and 1 had anterior 2/3 CC. Twelve patients underwent subsequent surgical resection and 6 of them had favorable outcomes. Similar to the latter study 6 , we also achieved a very high rate of lateralization/localization after complete CC. This implies that complete CC might facilitate seizure lateralization better than anterior 2/3 CC. 24 In addition, with extensive bilateral iEEG monitoring before and after CC, we were able to obtain more information for making the final surgical plan. Complete CC and extensive bilateral iEEG coverage may be the two factors for better localization and more favorable surgical outcome in our series. Multi-stage epilepsy surgery in a single hospital stay has been shown to be safe and beneficial for select cases. 25, 26 Furthermore, it could be more cost effective for the patients to undergo all invasive evaluations and surgery during one hospital stay. However, the risks associated with extensive subdural electrodes placement for prolonged bilateral iEEG monitoring remains controversial. Several studies including a recent meta analysis concluded that complication occurrence was associated with greater number of electrodes and longer duration of monitoring. [27] [28] [29] On the other hand, recent large scale single center studies found that the duration of monitoring and numbers of electrodes were not associated with the incidence of infection or complication. 30, 31 In our experience utilizing high number of electrodes with extensive bilateral coverage, 32, 33 we have not encountered any complications requiring removal of electrodes. However, the number of subjects in our series is small and a larger scale evaluation in the future is needed. We recognize limitations of this study. First, the duration of post-operative follow-up is relatively short and the seizure outcome may change during longer follow-up. Secondly, the stage 2 monitoring after CC only lasted for a few days. We do not know whether acute injury following CC affects the accuracy of iEEG findings and whether it will change over time. Serial scalp EEG studies on patients who had complete CC as an isolated procedure may answer this question in the future. Finally, this series did not clarify who are the best candidates for this approach. At least in 1 of 9 patients, the seizure focus was not lateralized following CC with additional bilateral iEEG. Larger series with longer follow-up is warranted.
Conclusion
A multi-stage surgical procedure using bilateral iEEG combined with complete CC was performed to lateralize or localize seizure focus in otherwise non-localizing intractable focal epilepsy patients. This procedure may provide another pathway for pediatric patients to establish their surgical candidacy and to benefit from subsequent surgical interventions. This study showed the efficacy and safety of this procedure. Patient selection criteria for this approach needs to be refined through a larger series of patients.
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